Abstract. Ecosystem services and economic returns from semi-arid rangelands are threatened by land degradation. Sustainable land management policies aimed at improving ecosystem service delivery often fail to consider uncertainty in economic returns gained through different land uses and management practices. We apply an analytical framework that utilises stochastic simulation to estimate the range of potential monetary outcomes of rangeland ecosystem services under different land uses, including consideration of the uncertainty and variability of model parameters. The model assesses both monetary and non-monetary dimensions, including those ecosystem services with uncertain and missing information, for communal rangelands, commercial ranches, game farms and Wildlife Management Areas in southern Kgalagadi District, Botswana.
Introduction
The United Nations Convention to Combat Desertification (UNCCD) is the key international environmental agreement on land (Stringer et al 2007 , Stringer 2008 . The UNCCD recognises that although land degradation often occurs locally, undermining the livelihoods of natural resource dependent populations, it also reduces the quality and/or quantity of ecosystem services (ES) provided to society as a whole. International efforts towards land degradation neutrality (LDN) outlined in The Future We Want (UN 2012) and the proposed Sustainable Development Goals (SDGs) (UN 2015) aim to ensure that at a global scale, land continues to support livelihood needs whilst maintaining long-term productivity and ES (WOCAT 2010) . LDN provides an opportunity to develop local solutions that balance unavoidable degradation with actions that restore and rehabilitate land, cumulatively resulting in zero net land degradation at a global scale. Achieving LDN requires analysis of the costs and benefits of different land uses, management strategies and the costs and benefits of action and inaction, as well as identifying the socio-economic and ecological uncertainty associated with policy outcomes. Methodologies are needed that allow integrated assessment of a range of ES across different social and ecological dimensions, including their economic value. Further research is also required on the distributions of ecosystem service benefits. However, the latter is beyond the scope of this paper. Within such economic approaches, challenges remain, in identifying appropriate ways to capture the shared values (e.g. cultural, spiritual and recreational) of ES to society (Fish et al 2011) . The values of such services are important to those who depend upon the land for their survival, but are often not considered in quantitative ES assessments because analysts hesitate to assign precise values to them.
Where certain ES are only assessed qualitatively -or not at all -they risk being ignored altogether by decision-makers. This can lead decisions and policies to optimise delivery of only those ES that are easily quantifiable and which provide direct monetary returns. Efforts to integrate 'intangible' factors in ES valuation (e.g. non-use values) with hard economic evidence have used Multi-Criteria Decision Favretto et al 2014) . In the summation of total ES values, the ES identified were included as normally distributed variables, with distributions defined by the means and standard deviations obtained from our primary data. While normal distributions did not necessarily mirror distributions observed during data collection, they appropriately described our uncertainty about the mean value for each ES. Since only the mean, and not the full distributions, are of interest in the Monte Carlo distribution, there was no need to consider more complex distributions for the ES value means. Distributions for all ES values were defined independently, because there were no compelling reasons for correlations. Data gaps pertaining to the remaining ES that were found to be of high importance during interviews (i.e. spiritual value and habitat) were filled by probabilistic estimates based on our uncertainty about these ES values. We expressed all ES values through probability distributions, based on estimated 90% confidence intervals, that we considered reasonable Bayesian priors for the model, i.e. intervals that represented the best of our knowledge in the absence of actual measurements. Where little information was available on the value of an ES, the corresponding confidence interval was relatively wide. To avoid cognitive biases in making estimates (Tversky and Kahnemann 1974), we followed procedures recommended by Hubbard (2014) to improve accuracy. Wide ranges were assumed for these, since MRV by external consultants, which might be necessary for carbon sales to established international mechanisms, would incur substantially greater costs than MRV by local residents, which has been acceptable for certain voluntary carbon sequestration schemes (Kollmuss et al 2008). We estimated the probability that carbon can be marketed using international carbon sales mechanisms.
Once probability distributions had been estimated for all variables, the overall ES value of the system was computed by Monte Carlo simulation, whereby 10,000 sets of random samples were drawn for all variables, and the sum of all individual ES computed. The smooth probability distributions resulting from the calculations indicated 10,000 model runs were sufficient for covering the range of plausible outcomes. These outcomes were expressed by 10,000 plausible estimates of total system ES, which together constituted a probability distribution of the value of ES provided by ecosystems. A sensitivity analysis elucidated which study variables most constrained our ability to provide precise The PLS procedure relates all dependent variables ( the total ES value of the system) to all input variables. It then identifies, via the VIP, independent variables whose variation has the greatest impact on the value of the dependent variable. These variables were interpreted as major sources of uncertainty and priorities for measurement. All procedures were implemented as automated procedures in R programming language (R Core Team 2014). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3. Results 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and private game ranches (US$1.13 / km 2 ) were lower than for the public land uses (Figure 1 ).
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Among public land uses, ES values provided by WMAs were more uncertain than for communal grazing, as indicated by wider 90% confidence intervals (US$1.49 -6.57, as opposed to US$2.14 -6.01). This most reflected greater uncertainty about the spiritual and recreational value of the land for WMAs than for communal grazing. Game ranching was most risky (i.e. projected outcomes were highly uncertain given available information) among the private land uses, with a wide 90%
confidence interval of US$-5.07 -7.26 (including negative outcomes), compared to US$2.08 -5.56
for private cattle ranching (Figure 1) . ES values differed only slightly between private cattle ranching and the two public land uses, with private game ranching appearing substantially more risky and less profitable from an ES perspective. The possibility of negative outcomes for this land use reflected observations that meat production was often unprofitable, translating to a negative contribution to total ES value.
When we related variation in the total value of ES provided by the four systems to uncertainty about the values of individual ES via PLS regression, a small number of ES emerged as most limiting for our ability to provide precise estimates of total ES (Figure 2 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 High VIP values indicate the major knowledge gaps that should be addressed to increase precision about the total value of all ES provided by the different land uses. Under communal grazing, uncertainty about total ES values mainly stemmed from uncertainty about values of profit of meat production, plant / livestock diversity, recreation and cultural / spiritual inspiration. Variation in the total value of ES in WMAs was principally due to uncertainty about the value of recreation, cultural / spiritual inspiration and plant / livestock diversity. Key ES identified under private cattle ranches included plant / livestock diversity, groundwater extraction and profit of meat production. Under private game ranches, total ES value uncertainty mainly derived from poorly constrained estimates for the profit of meat production, and the values of recreation and plant / livestock diversity.
Discussion
Monte Carlo simulations indicate that rangeland used for communal grazing and WMAs provide the highest ES value and deliver the broadest ranges of ES. Uncertainty in terms of monetary outcomes under land uses where commercial meat is produced (all land uses excluding WMAs) is mainly due to variations in meat production profitability and the value associated with plant / livestock diversity 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 streams linked to one particular ES, increased woody biomass could most easily be achieved through allowing bush encroachment, which will impact negatively on the future provision of other ES (Reed et al 2015).
While high economic values can be generated under private land uses by ES linked to meat production in game farms and cattle ranches, our analysis highlights the value of other ES (i.e. cultural / spiritual, recreation, as well as firewood, construction material and wild food) that are not recognised in land management and land policy. The high VIP variables in Figure 2 identify the need to consider these ES in the development of policy support, to prevent future policy from strengthening some ES (e.g. commercial meat production) at the expense of others that are valuable from a wider Belief Networks (e.g. Fenton and Neil, 2013) . Such approaches, however, require more expertise, analytical effort and, in many cases, far-reaching assumptions. In this context, Monte Carlo simulation may be more likely to find widespread application than other approaches and should be considered more widely for valuing ES provision by land use systems.
Conclusions
This paper applied stochastic simulation through a Monte Carlo-based approach to advance estimation of the value of ES under different land uses. It highlights the uncertainty of ES value distributions under each land use in Botswana's Kalahari rangelands and identifies the ES with the greatest impact on the variation of such distributions. Communal grazing and WMAs were found to provide the highest ES values and are important for a broad range of ES. These are followed by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 private cattle ranches, which provide slightly lower monetary values, with limited variation between extremes in the probability distribution. Private game ranches generate a significantly lower value, and are characterised by strong variation between extremes; this is also the only land use generating negative values (i.e. monetary losses) as plausible system outcomes.
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